In this pre-birth study of children aged 0-9 years, for both weight and height the adapted Jenss model presented the best fit of all four tested models.
outcomes of growth. Often, in the past, growth models were fitted for each child separately. Now, growth trajectories can be modeled using mixed (multilevel) models. The model comprises a fixed-effect part that represents the population growth curve and a random-effect part that allows for individual variation around the population curve. An advantage of these models is that they do not require that data be measured at the same time points for all individuals nor do they require that all individuals have complete data at all time. It is then possible to use different sources of data: research measures at a given age as well as clinical measures from routine well-child visits. The difficulty lies in the choice of the model. There are structural and nonstructural models. Nonstructural models do not postulate a particular form of the growth curve; this category includes fractional polynomials [4] and splines [5] . They usually fit very well the data but their parameters cannot be interpreted. Compared to nonstructural models, structural models imply a basic functional form and have usually fewer parameters that allow some biological interpretation.
In this study, we focused on structural models of weight and height growth [6] . Several models have been developed to model infant weight and height growth (Count and Kouchi models, and infancy component of the Karlberg model) [7] [8] [9] [10] , childhood growth (Jenss and Reed 1st and 2nd order models) [11, 12] , pubertal growth or total growth [13] . However, their respective ability to fit actual data has seldom been compared. Comparing five weight growth models among 95 Congolese boys and girls between birth and 13 months, Simondon et al. [14] suggested that the Reed 1st order model should be preferred over the Count model, the Kouchi model, the infancy part of the Karlberg model and the Reed 2nd order model. In 1982, Berkey [15] showed that in US children the Jenss model seemed to perform well for both length and weight between birth and 6 years of age compared to the Count model, which is a simpler form of the Reed 1st order model. In a more recent report, in South Africa, Chirwa et al. [16] showed that the Reed 1st order model fitted consistently well from infancy into childhood, whereas the Jenss model did not fit well to height growth measurements in the early years. Yet, to our knowledge, no recent comparison of these models has been made in US children.
The objective of our study was to compare the fit of four growth models (the Jenss model, an adapted version of the Jenss model, and Reed 1st and 2nd order models) for weight and height growth data in contemporary US children between birth and 9 years of age using mixed models.
Methods

Study Population and Data Collection
Project Viva is an ongoing prospective pre-birth cohort study that recruited pregnant women at their initial prenatal visit at Harvard Vanguard Medical Associates, a large multispecialty group practice in eastern Massachusetts, between April 1999 and July 2002. Details of recruitment and retention procedures are available elsewhere [17] . All mothers gave informed consent, and institutional review boards of participating institutions approved the study. All procedures were in accordance with the ethical standards established by the Declaration of Helsinki [18] .
Anthropometric measures were obtained from three sources: hospital records, research examinations and clinical data. Birth weight was abstracted from the maternity hospital records at the time of birth. In Project Viva, research examinations were organized in infancy (mean age 6.5 months, range 5.2-9.9), in early childhood (mean age 39.4 months, range 33.6-131.1) and midchildhood (mean age 95.5 months, range 78.8-131.1). Project staff members weighed infants in infancy and early childhood with a Seca 881 digital scale (Seca, Hanover, Md., USA) and in mid-childhood with a Tanita TBF-300A (Tanita, Arlington Heights, Ill., USA). Trained research assistants measured infant length at birth and 6 months of age and infant height in early childhood with a Shorr measuring board and in mid-childhood using a calibrated stadiometer (Shorr Productions, Olney, Md., USA). Research assistants performing the measurements followed standardized techniques [19] and participated in biannual in-service training to ensure measurement validity (Irwin J. Shorr, MPH, MPS, Shorr Productions). Inter-and intrarater measurement errors were well within published reference ranges for all of the measurements (example for length: rater 1, 0.22 cm; rater 2, 0.35 cm; rater 3, 0.19 cm; rater 4, 0.25 cm, and between raters, 0.29 cm) [20] . Experienced field supervisors provided ongoing quality control by observing and correcting the measurement technique every 3 months. Pediatric practices recorded length/height and weight data at each wellchild visit during infancy and childhood. We used macros developed by the World Health Organization and the Centers for Disease Control and Prevention to identify potential outliers [21] .
Sample Selection
Since Botton et al. [22] (this issue) suggested that neonatal weight loss might create difficulties in fitting our monotone models, we excluded birth weight from the dataset. We included all the children with at least 2 measures between birth and 109 months, just before the onset of puberty in girls [6] . We modeled weight and height separately, and our final sample included 1,723 children with at least 2 measures of weight and 1,749 with at least 2 measures of height.
Growth Models
To model weight and height between birth and 8 years, we compared four growth models: the Jenss model proposed by Jenss and Bailey in 1937 (also called Jenss-Bailey) [23] , an adapted version of the Jenss model, and two models developed by Berkey and Reed in the 1980s (the Reed 1st order and Reed 2nd order, also called the Berkey-Reed models).
All the comparisons have been performed using mixed models. For the sake of simplicity, we present only the fixed-effect models below, except for the adapted Jenss model, for which we provide the mixed model. The Jenss model is a 4-parameter model. It is a negatively accelerated exponential which approaches a linear asymptote. The model is as follows:
and expressed as the j th growth measure of the i th subject with y being the weight or height and t age. This model is adequate to fit childhood growth since early growth is very rapid (the exponential part) but becomes linear sometimes during the preschool years.
The adapted Jenss model was developed and described by Botton et al. [24] to estimate child growth from 0 to 12 years of age instead of 0-8 years, as in the initial Jenss model). The model is as follows:
It differs from the original Jenss model by the addition of a quadratic term e i · t 2 ij . This term models the increase in growth velocity at the onset of puberty. This model has been found to fit well for weight and height growth in a French population of children between birth and 12 years [24] . The equation below shows the complete model used in the comparisons. It includes both fixed and random effects.
The Reed models [11] have been developed by adding one or more deceleration terms to a more simple model (the Count model) [10] . This allows greater flexibility of the model that fits a wider variety of growth patterns in early childhood [23] . Compared to the Jenss model and the adapted Jenss model that are nonlinear in parameters, the Reed models are linear. The 1st order Reed model is a 4-parameter model expressed as the j th growth measure of the i th subject with y being the weight or height and t age: ln( ) .
The 2nd order Reed model is defined as follows:
The 1st order version was shown to perform well on height between 3 months and 6 years: only a few children needed the 2nd order version [23] .
Weight and Height Growth Velocity
In addition to weight and height at different ages, we also computed weight and height growth velocities for all children, using the estimated parameters from the first derivative of the growth models, given here for the adapted Jenss model.
dy e e e e t. dt
Assessment of Goodness of Fit
We performed nonlinear regression and nonlinear mixed regression to compare the models. Nested models were compared using the log likelihood ratio test (Jenss vs. adapted Jenss models and Reed 1st vs. 2nd order models). Nonnested models were compared using the Akaike (AIC)/Bayesian information criterion (BIC). Lower AIC and BIC indicate a better fit. Fitting of both linear and nonlinear models was achieved in the R package NLME, which gives leastsquare estimates of the parameters using an iterative Gauss-Newton algorithm. Our nonlinear models did not converge in PROC NL-MIXED in SAS 9.2, even after using the values of the parameters produced by R as the initial values. In R 2.15.3 using NLME, we were able to fit all the models with a diagonal variance-covariance matrix for the random effects, but not an unstructured matrix. All comparisons were done using a diagonal variance-covariance matrix for the random effects in the mixed models. To fit the final models, we subsequently used the SAEMIX package developed by Comets, Lavenu and Lavielle. This package uses an algorithm that maximizes the exact likelihood without approximation of the likelihood. It is very helpful for fitting complex nonlinear mixed models. We successfully fitted the final models for weight and height/length with an unstructured matrix in R with the SAEMIX package.
Results
Sample
Among the 1,723 children with at least 2 measures of weight, 48.5% were girls. Mean maternal age at the beginning of pregnancy was 32.0 ± 5.2 years, 67.2% were white, 16.2% were African-American and 67.3% were at least college graduates. There were 1,749 children with at least 2 measures of height. The mean numbers of measures were 19.3 for weight and 12.3 for height, with more frequent measures in the first 18 months, reflecting clinical practice ( table 1 ) . Table 2 shows that for weight and height, the adapted Jenss model had a better fit than the original Jenss model (for weight: likelihood ratio = 17,597, p < 0.0001) and the Reed 2nd order model had a better fit than the Reed 1st order model (for weight: likelihood ratio = 3,340, p < 0.0001). We then compared the better Reed model with the better Jenss model. Compared with the Reed 2nd order model, the adapted Jenss model had a better fit, as shown Figure 1 shows the standardized residuals of the four candidate models for weight plotted against age. As indicated by the comparison of AIC and BIC, the adapted Jenss model was the best fitting model: the boxes appear nicely centered on the Y = 0 and, compared to the other models, with less variability across different ages although some heteroscedasticity remains. Residuals from other models reveal ages where the models fail to fit the mean of the data and greater heteroscedasticity. Table 3 presents the parameters estimated by SAEMIX in the final models (adapted Jenss with an unstructured variance-covariance matrix of the random effects). Briefly, B represents the asymptotic slope (growth rate after 2 years); E represents the increase in growth velocity at the onset of puberty, and the decreasing exponential function contributes to model the decelerating rate of growth in infancy. In another parameterization of the Jenss model presented by Botton et al. [22] in this issue, A can also be interpreted and is the predicted value at time t = 0, e.g. length or extrapo- Reed 2nd order lated weight at birth. Table 4 presents the predicted weight, height and velocities at different ages calculated using the parameters.
Discussion
In this study of over 1,700 children from the United States followed from birth to age 9 years, we found that a nonlinear model with 5 parameters (adapted Jenss model) provided better numerical and visual fit to observed longitudinal weight and length/height data than did three other commonly used models. While convergence was sometimes an issue in the past, this model can now be easily fitted using the new SAEMIX package in R and applied to similar longitudinal data from other cohorts.
In addition to showing that the adapted Jenss model is superior in our study population, we provide the parameter estimates from our final models, which other researchers could use as starting values in other samples. NLME and SAEMIX both require that starting values be specified. Good starting values are crucial to reduce convergence issues in modeling nonlinear equations, especially when the number of model parameters increases. We also present the steps to compare different models. Even though human growth presents some constant features, there are variations across populations. Thus, it is important to compare different models to select the model that fits best to the data and to pay attention to the diagnostics of the selected model.
Although the overall fit of the final models was good, we identified a slight overestimation of height in the first 18 months. Clinical measurement of length in the first 2 years of life typically overestimates research measures. Indeed, starting at around 24 months, clinical practices begin to measure standing height instead of length; standing height is, on average, 0.75 cm less than recumbent length for the same person at the same time [25] . We performed sensitivity analyses by including a correction factor developed in a setting similar to the clinical centers included in the study. Predictions in the first 18 months were improved using the correction factor, but the fit was not as good as the model without correction for older ages.
We included all children with at least 2 measures in the modeling phase. Mixed models can accommodate subjects with few measures. The growth trajectory of the 173 children with few measures is then very similar to the population mean growth curve. However, trajectories of children with very few measurements may not be informative. Subsequent analyses of the weight or height predicted from these models should be done on a subset of children with at least a certain number of measures followed by sensitivity analyses that include the remaining children. Another issue, however, is that the children with fewer measurements may also differ from the others in terms of other characteristics. We excluded birth weight from the dataset, it is then possible in the second step to correlate early growth with measured birth weight. When cleaning clinical data that contain measurement errors, it is sometimes difficult to distinguish an outlier from a temporary physiological phenomenon leading to an apparent discontinuity in the growth curve (e.g. a plateau or a mid-childhood growth spurt) or even from a pathological phenomenon (e.g. diseases in infancy, or depression or dieting in later childhood can lead to weight loss in a short period). Our parametric models require monotone growth and are not intended to accommodate a decrease in weight. This might be an issue especially after puberty.
Our data extend the previous sparse literature that compared different growth models in childhood. The choice of the model depends on the observations (range, frequency and regularity of the observations), the period of growth investigated (infancy, childhood and adolescence) and the type of measure (weight, but also sitting height/body composition). Berkey [15] showed that in US children the Jenss model seemed to perform well for both length and weight, better than the Count model, a simple form of the Reed 1st order model. Yet, the adapted Jenss model was not part of the comparison of Berkey [15] . In a study of children in India, Johnson et al. [26] found that the Reed 1st order model fitted better to infant weight and height growth compared to the Count model. Pizzi et al. [13] compared the Jenss model, the Reed 1st order and the SITAR method in three cohorts and showed that the Reed 1st order model had the best fit. In South-Africa, Chirwa et al. [16] showed that the Reed 1st order model fitted consistently well from infancy into childhood, whereas the Jenss and adapted Jenss models did not fit well to growth measurement in the early years. However, they concede in their discussion that this could be due to the limited number of measurement occasions that leads to a failure by the model to capture the asymptotic curve in infancy. It is also possible that growth in an African transitioning population and in US children might not be identical [16] .
The modeling technique used in this study is not the only growth modeling technique available. Other techniques can also be used; many of them are presented in this issue. The fixed and random coefficients obtained from our two-step approach using a mixed model can be used to compute weight, height and weight/height growth velocities at any age between birth and 9 years. It is also possible to calculate body mass index from the predicted weight and height.
In conclusion, in this pre-birth study of children aged 0 to 9 years, the adapted Jenss model presented the best fit of all four models tested for weight and height. This model can be used to model weight and height/length growth in infancy and childhood and to ultimately study the determinants and outcomes of growth trajectories.
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